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Collider Phenomenology of Higgsless models
Alexander Belyaev1 ab
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Abstract. We study the LHC signatures of new gauge bosons in the minimal deconstruction Hig-
gsless model (MHLM). We analyze the W ′ signals of pp → W ′ → WZ and pp → W ′jj → WZjj
processes at the LHC, including the complete signal and background calculation in the gauge in-
variant model and have demonstrated the LHC potential to cover the whole parameter space of
the MHLM model.
PACS. 12.60.Cn Extensions of electroweak gauge sector – 12.15.Ji Applications of electroweak
models to specific processes
1 Introduction
Disentangling the nature of electroweak symmetry break-
ing (EWSB) is one of the important challenges of par-
ticle physics today and upcoming CERN Large Hadron
Collider (LHC), in particular. Among several appeal-
ing theories of EWSB, Higgsless models are especially
promissing. In particular, those models predict new
heavy gauge bosons serving as a key for EWSB and
delaying unitarity violation of longitudinal weak boson
scattering [2,3] without invoking a fundamental Higgs
scalar. Dimensional deconstruction formulation of the
Higgsless theories is shown to provide their most gen-
eral gauge-invariant formulation [3,4] under arbitrary
geometry of the continuum fifth dimension (5d) or its
4d discretization with only a few lattice sites [5,6].
The Minimal Higgsless Model (MHLM) consists of
just 3 lattice sites (“The Three Site Model”) [6] and
predicts just two extra W ′ and Z ′ bosons which mass
&!400GeV is consistent with all the precision data [6].
MHLM is gauge invariant via spontaneous symmetry
breaking and predicts just one pair of nearly degener-
ate new (W ′, Z ′) bosons, unlike any 5d Higgsless mod-
els with a tower of Kaluza-Klein gauge-states. This
model contains all the essential ingredients of Higgsless
theories being the simplest realistic Higgsless model
with distinct collider signatures. In this study we in-
vestigate phenomenology of MHLM signals at the LHC
including the complete signal and background calcula-
tion demonstrate demonstrated the LHC potential to
cover the whole parameter space of the MHLM model.
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2 MHLM model
The MHLM [6] is defined as a chain moose with 3 lat-
tice sites, under the 5-dimensional SU(2) × SU(2) ×
U(1) gauge theory with electroweak symmetry break-
ing encoded in the boundary conditions of the gauge
fields. Gauge and Goldstone sectors of MHLM have
5 parameters in total – 3 gauge couplings (g0, g1, g2)
and 2 Goldstone decay constants (f1, f2), satisfying
two conditions due to its symmetry breaking struc-
ture,
1
g20
+
1
g21
+
1
g22
=
1
e2
,
1
f21
+
1
f22
=
1
v2
. (1)
For the optimal delay of unitarity violation we choose
equal decay constants f1 = f2 =
√
2v where v =(√
2GF
)−1/2
as fixed by the Fermi constant. Choice of
MW andMW ′ as inputs allows to determine (g0, g1, g2)
gauge couplings. The MHLM exhibits a delay of uni-
tarity violation for weak boson scattering V aLV
b
L →
V cLV
d
L (V = W,Z) and for MW ′ . 1TeV, each elastic
VLVL scattering remains unitary over the main energy
range of the LHC.
The fermion sector contains SM-like chiral fermions:
left-handed doublets ψ0L under SU(2)0 and right-handed
weak singlets ψ2R. For each flavor of ψ0L, there is a
heavy vector-fermion doublet Ψ1 under SU(2)1. The
mass matrix for {ψ, Ψ} is [6]
MF =
(
m 0
M m′
)
≡M
(
ǫL 0
1 ǫR
)
. (2)
The mass-diagonalization of MF yields a nearly mass-
less SM-like light fermion F0 and a heavy new fermion
F1 of mass MF1 =M
√
1 + ǫ2L . The light SM fermions
acquire small masses proportional to ǫR . For the present
high energy scattering analysis we only need to con-
sider light SM fermions relevant to the proton struc-
ture functions at the LHC, which can be treated as
Alternatives Contributed Talk
massless to good accuracy. So we will set ǫR ≃ 0, im-
plying that ψ2R and Ψ1R do not mix.
One should stress that fermion sector plays a cru-
cial role in the MHLM. First of all, fermion gauge cou-
plings in the MHLM [6] are the key to ensure an exact
gauge-invariance in our collider study contrary to pre-
vious studies [7]. Secondly, the fermion sector is the key
which provide consistency of MHLM with precision
electroweak data. The proper adjustment of amount of
delocalization of fermions to amount of delocalization
of gauge bosons fixes ǫL via the ideal fermion delo-
calization [8] (IDDL) condition and leads to vanishing
W ′-SM fermion couplings and thus zero electroweak
precision corrections at tree-level [6,8].
One should notice that the mass of the heavy fermions
is strongly bounded from below to be MF1 > 1.8TeV
[6]. Therefore the essential phenomenology of MHLM
at the LHC is related to signals form new gauge bosons
W ′ and Z ′ which can be as light as ∼400GeV. To sim-
plify the analysis we consistently decouple the heavy
fermion by taking the limit (M, m)→∞ while keep-
ing the ratio ǫL ≡ m/M finite. This finite ratio ǫL will
be fixed via IDDL [8].
We have implemented MHLMmodel into CalcHEP
package [9] using LanHEP program [10] for automatic
Feynman rules generation. This implementation has
been consistently cross-checked in t’Hooft Feynman
and Unitary gauges and publicly available at
http://hep.pa.msu.edu/belyaev/public/3-site/.
3 Phenomenology of MHLM
As discussed above, in MHLM the couplings of new
heavy bosons to SM fermions are highly suppressed to
satisfy precision EW data while the couplings of new
heavy bosons to SM gauge bosons are non-vanishing
to provide the delay of unitarity for V aLV
b
L → V cLV dL
amplitudes.
These two essential features define the phenomenol-
ogy of not only MHLM but the whole class of the Hig-
gsless extradimensional models (HLEDM) whose phe-
nomenology will be dominated by the first KK-mode.
In MHLM, the decay width ofW ′ or Z ′ are defined
by their decays to WZ or WW pairs, respectively
ΓV ′→WW (WZ) =
αMV ′
48s2Zx
2
[
1 +O(x2)
]
(3)
where α = e2/4π and x ≡ 2MW /MW ′ . For MW ′ =
(0.5 − 1)TeV one has ΓW ′ ≃ (5 − 31) GeV. On the
other hand, under the IDDL W ′ does not decay to
light SM fermions while Z ′ decay to SM-fermions is
highly suppressed
ΓZ′→e+e− =
5αMV ′x
2s2Z
96c4Z
[
1 +O(x2)
]
. (4)
Therefore, one can expect, that the most promising
discovery channels would be Z ′(W ′) production via
gauge couplings with SM gauge bosons. Moreover,W ′
production looks more favourable since the minimal
number of neutrinos after W ′ leptonic decay is one
(W ′ → WZ → 3lν), while Z ′ → WW → 2l2ν decay
channel ends with two neutrinos disabling the recon-
struction of the Z ′ peak.
We found that the most favorable signal processes
for discovery of the MHLM at the LHC are the asso-
ciated W ′Z (pp→ W ′Z → WZZ → 4ℓ2q) production
as well as W ′ production in WZ → W fusion process
(pp → W ′qq → WZqq → 3ℓν2q) representative Feyn-
man diagrams for which are shown in Fig. 1a) and
Fig. 1b), respectively. The cross sections versus MW ′
Fig. 1. Representative diagrams for the associated W ′Z
(pp → W ′Z → WZZ → 4ℓ2q) production (a) as well as
W ′ production inWZ →W fusion process (pp→W ′qq →
WZqq → 3ℓν2q) (b).
for pp→ W ′Z and pp→W ′qq(′)j processes including
4ℓ2q and 3ℓν2q respective branching ratios are pre-
sented in Fig. 2. For pp→W ′qq(′)j process the quark
energy (Eq > 300 GeV), PT q(PT q > 30 GeV) and ra-
pidity gap cuts were applied |∆ηjj | > 4. These cuts are
essential for the background suppression as we discuss
below. Hereafter we use CTEQ6L [11] parton density
function and QCD scale Q =
√
sˆ and Q = MZ for
pp → W ′qq(′) and pp → W ′qq(′)j processes, respec-
tively.
Fig. 2. The cross sections versus MW ′ for pp → W
′Z
and pp → W ′qq(
′)j processes including 4ℓ2q and 3ℓν2q
respective branching ratios. For pp → W ′qq(
′) process
Eq > 300 GeV, PT q > 30 GeV and |∆ηjj | > 4 cuts were
applied.
As we have mentioned above, we propose to an-
alyze the pp → W ′Z → WZZ process via leptonic
decays of the two Z bosons and hadronic decays of
W providing a clean signature of 4-leptons plus 2-
jets, jj4ℓ (ℓ = e, µ). The backgrounds include: (a)
Alexander Belyaev Collider Phenomenology of Higgsless models
the irreducible SM production of pp→WZZ → jj4ℓ,
(b) the reducible background of the SM production,
pp → ZZZ → jj4ℓ, with one Z → jj (mis-identified
as W due to finite experimental di-jet mass resolu-
tion) and (c) the SM process pp → jj4ℓ other than
(a) and (b), which also includes the jj4ℓ backgrounds
with jj = qg, gg.
To suppress backgrounds we impose the cuts,
Mjj = 80± 15GeV, ∆R(jj) < 1.5 ,∑
Z
pT (Z) +
∑
j
pT (j) = ±15 GeV. (5)
The first cut selects di-jets arising from on-shell W
decay to be within the experimental resolution [12]; the
second cut requires the dijet separation of the signal;
and the third cut uses the conservation of transverse
momentum in the signal to suppress the background.
Furthermore, we impose the following electron and jet
ID/acceptance cuts
pTℓ > 10GeV, |ηℓ | < 2.5 ,
pTj > 15GeV, |ηj | < 4.5 . (6)
In Fig. 3 we present the MZjj event distributions for
the signal and background under these cuts for an inte-
grated luminosity of 100 fb−1. We depict the signal by
a dashed curve, the backgrounds (c) with jj = gg, qg
by dashed and dashed-double-dotted curves, respec-
tively, and the total background (a)+(b)+(c) by a solid
curve. The backgrounds (a) and (b) are so small that
they are not visible in Fig. 3. Finally we have chosen
MZjj =MW ′±0.04MW ′ mass window cut to estimate
signal significance and LHC reach. In this mass win-
dow we have summed contributions from two Z bosons
for signal and background. The gauge-invariance of
this calculation is verified by comparing the signal dis-
tributions in unitary and ’tHooft-Feynman gauges; as
shown in Fig. 3 by red-dashed and blue-dotted curves,
they perfectly coincide. From the calculated number of
Fig. 3. Signal and background events in the process pp→
W ′(∗)Z → WZZ → jj ℓ+ℓ−ℓ+ℓ− for an integrated lumi-
nosity of 100 fb−1.
signal and background events, we derive the statistical
significance from the Poisson probability in the con-
ventional way. The integrated luminosity required for
detecting the W ′ in this channel will be summarized
in Fig. 5.
Next, we analyze the LHC potential to discover
W ′-boson in the pp→ WZqq′ process, where the sig-
nal is given by the W ′ contribution to WZ → WZ
scattering subprocess. We perform a complete analy-
sis of pp → WZjj, and choose the pure leptonic de-
cay modes of WZ with 3 leptons plus missing-ET [13,
14]. We carry out a full tree-level calculation including
both signal and background together.
To effectively suppress qq →WZ and pp→WZjj
(jj = qg, gg) QCD backgrounds we apply the follow-
ing jets rapidity gap cut and large jet energy cut∣∣∆ηjj ∣∣ > 4 , Ej > 300GeV (7)
in addition to acceptance cuts given by
pTj > 30GeV , |ηj | < 4.5
pTℓ > 10GeV , |ηℓ | < 2.5 (8)
where Ej and pTj(l) are transverse energy and momen-
tum of final-state jet(lepton), ηj(l) is the jet(lepton)
rapidity, and
∣∣∆ηjj ∣∣ is the difference between the ra-
pidities of the two forward jets. For computing the
SM EW backgrounds, we need to specify the refer-
ence value of the SM Higgs mass MH . Because the
SM Higgs scalar only contributes to the t-channel in
pp → qq′WZ, we find that varying the Higgs mass in
its full range MH = 115GeV − 1TeV has little effect
on the SM background curve. Hence we can simply set
MH = 115GeV in our plots without losing generality.
Using cuts (7)-(8) we have computed the WZ in-
variant mass (MWZ) distribution in both unitary gauge
and ’t Hooft-Feynman gauge and have revealed an ex-
tremely precise and large cancellation between the fu-
sion and non-fusion contributions for pp → WZqq′
process, as required by the exact gauge-invariance. These
cancellations cannot be inferred without a truly gauge-
invariant model, contrary to the approach of imposing
only a naive 5d sum rule [7]. Traditional analyses [13] of
gauge-boson fusion in a strongly-interacting symmetry
breaking sector have relied on using separate calcula-
tions of the signal and background while in our case in
the correct gauge-invariant implementation of MHLM
we can perform direct calculation of qq →WZqq′ pro-
cess for signal and background together.
Since there is just one neutrino in 3ℓν signature,
we can use transverse mass variable, M2T (WZ) =
[
√
M2(ℓℓℓ) + p2T (ℓℓℓ)+|pmissT |]2−|pT (ℓℓℓ)+p missT |2 [13]
for the effective signal over the background rejection.
In Fig. 4 we presentM2T (WZ) distributions forMZ′ =
500, 700, 900 GeV exhibiting clear Jacobian peaks. We
compute signal significance for the 0.85MW ′ < MT <
1.05MW ′ window and obtain the required integrated
luminosities for 3σ and 5σ detections of the W ′ boson
presented in Fig. 5.
4 Summary
We present the first study on LHC potential to ob-
serve signatures predicted by Minimal Higgsless Model
Alternatives Contributed Talk
Fig. 4. Numbers of signal and background events versus
the transverse mass MT (WZ) after imposing the cuts (7)-
(8) for an integrated luminosity of 100 fb−1.
Fig. 5. Integrated luminosities required for 3σ and 5σ de-
tection ofW ′ signals as a function ofMW ′ . The dotted and
dashed-dotted curves are for the WZZ channel, while the
dashed and solid curves are for the WZjj channel.
(MHLM) [6]. We have calculated the complete gauge
invariant signals and backgrounds for two promising
processes, pp → WZZ → jj 4ℓ and pp → WZjj →
ν3ℓ jj. In this analysis, we only take account of the sta-
tistical error.We have checked that typical electromag-
netic (0.1/
√
E(GeV )) and hadronic(0.5/
√
E(GeV ))
detector energy resolution [12] which we have approxi-
mated by gaussian smearing, has a very small effect on
the presented distributions (Fig.3,4) and final results
(Fig.5). Other issues related to the details of detectors,
such as the systematic error, detection efficiency, etc,
are beyond this study. Both WZZ and WZqq′ chan-
nels have clean leptons signatures and reconstructable
W ′ mass. With the proposed cuts we can effectively
suppress all SM backgrounds. We would like to stress
that the calculation in the context of an exactly gauge-
invariant Higgsless model (such as the MHLM [6]), is
vital for analyzing the pp → WZjj process consis-
tently. One should also stress the complementarity of
WZZ andWZqq′ channels. The first one provide clean
resonance peak and would allow the precise reconstruc-
tion of the W ′ mass while the second one has larger
cross section and with 100 fb−1 integrated luminos-
ity would allow to completely cover MHLM parameter
space up to unitarity limit at MW ′ ≃ 1.2 TeV. We
summarize the 3σ and 5σ detection potential of the
LHC in Fig. 5 where the required integrated luminosi-
ties are shown. For example, forMW ′ = 500 (400)GeV,
the 5σ discovery of W ′ requires an integrated lumi-
nosity of 26 (7.8) fb−1 for pp → WZZ → jj 4ℓ, and
12 (7) fb−1 for pp→WZjj → ν3ℓ jj. These are within
the reach of the first few years run at the LHC. The
evidence for both signals from the W ′ boson, as well
as the absence of a Higgs-like signal in pp→ ZZqq →
4ℓ qq, will be strong evidence for Higgsless electroweak
symmetry breaking.
To conclude, for the first time we have consistently
studied MHLM model which is very well motivated
and has several appealing features: it is simple but
generic, since the phenomenology of any Higgsless ex-
tradimensional model is dominated by the first KK-
mode; the perturbatively calculable MHLM could shed
a light on its conjectured dual strongly interacting
theory; MHLM consistently implements the first KK-
mode in a gauge-invariant way; MHLM satisfies pre-
cision EW measurements, suggests a very distinctive
phenomenology while its parameter space, as we have
shown, is fully testable at the LHC.
Acknowledgments: A. B. thanks SUSY 2007 orga-
nizers for warm hospitality.
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